A novel surface acoustic wave (SAW) resonator integrated on a metal substrate is presented. The devices were fabricated on the aluminium nitride (AlN) thin films deposited by mid-frequency magnetron sputtering on polished TC4 titanium alloy substrates. Using a two-step growth method, AlN film with a full-width at half-maximum of 4.1°h ad been prepared. The AlN film SAW resonator shows a resonance frequency of 129 MHz and an electromechanical coupling coefficient of 0.28%. The measurement results agree well with the simulation results. This integrated SAW resonator can be used as a good strain sensor in metal structure health monitoring.
Introduction: In recent years, there have been growing demands for surface acoustic waves (SAWs) strain sensing in metal structural health monitoring due to its potential applications in wireless and passive measurements. Most SAW strain sensors are manufactured with piezoelectric crystal substrates such as quartz, langasite (LGS, La 3 Ga 5 SiO 14 ), lithium niobate and zinc oxide [1] . For example, an SAW OFC strain sensor using LGS was researched by Wilson et al. [2] . Another strain sensor based on a one-port SAW resonator using quartz was investigated by Stoney et al. [3] . However, in the application of these SAW strain sensors, the sensors must be pasted on the metal structure with adhesives. During the measurements the adhesives will release parts of the applied stress causing an increase in the strain measurement error. Moreover, there would be a risk of peeling off of the adhesive from the structure in a high-temperature environment. Therefore, it is necessary and important to integrate the SAW sensor with the metal structure without an adhesive to improve the strain measurement accuracy.
In general, SAW sensors were developed based on a SAW resonator or delay line. In this Letter, we report an aluminium nitride (AlN) film SAW resonator integrated with a metal substrate, which can be used as a strain sensor in structure health monitoring. First, the AlN film was directly sputtered onto the polished TC4 alloy substrate (Ti-6Al-4 V) which was considered as the measured object, and then a one-port SAW resonator with Au electrodes was deposited on the AlN thin films. No adhesives were needed to integrate the SAW resonator with the metal structure. Moreover, because the thickness of the AlN film was far less than the wavelength of the SAW, the acoustic waves propagated in the metal substrate. Hence, compared with the conventional SAW strain sensor, the propagation of the acoustic waves in this structure would be more sensitive to the mechanical deformation of the metal substrate. The results introduce a new way to integrate a low-profile SAW strain sensor with the metal structure.
Experiments: AlN thin films were prepared by mid-frequency reactive magnetron sputtering. Polished TC4 alloy substrates with dimensions of 20 × 20 × 1 mm were used. Before deposition, the chamber was evacuated to a pressure of 5 × 10 −7 Pa. High-purity argon (99.999%) and nitrogen (99.999%) were used during sputtering. The flow rate ratio of the N 2 to Ar was kept at 3:7. The sputtering power was 2000 W. A two-step growth method was used to prepare the AlN film. At the first step, the substrate was heated up to 400°C. Then a layer of AlN film was deposited on the substrate for 30 min at 400°C. Secondly, the substrate heating was cancelled. During the natural cooling process of the substrate, a layer of AlN film was deposited for 120 min. Finally, the total thickness of the prepared AlN film was ∼2 μm.
On the surface of the AlN films, a one-port Rayleigh-mode SAW resonator with Au metallisation was fabricated by e-beam evaporation and lift-off photolithography techniques. The interdigital transducers (IDTs) have 100 pairs of electrodes with a width of 6 μm and finger spacing of 6 μm, i.e. the periodicity λ is 24 μm. There were two reflector banks that contained 400 short-circuited gratings at both sides of the IDT. The acoustic aperture was 100λ. The thickness of the Au electrode was 120 nm, including a 10 nm-thick Ti cohesive layer. The normalised thickness (h AlN /λ) of this structure was 0.083. The prepared SAW resonator was annealed at 400°C for 30 min in vacuum.
The surface and cross-section morphology of the AlN film were characterised by atomic force microscopy (AFM) and scanning electron microscopy (SEM). A four-circle Bede D1 X-ray diffraction (XRD) system with Cu-Ka radiation was used to identify the phases and its texture. The SAW resonator was measured with a GS probe and a network vector analyser (VNA, Agilent N5234A).
Results and discussion: Fig. 1a presents the cross-sectional SEM morphology and the AFM analysis image of the AlN/TC4 layered structure. From Fig. 1a , we can see that the AlN film was well grown on the TC4 substrate with a good columnar structure and low surface roughness. The root mean square roughness of the film was 4.3 nm. Fig. 1b shows the XRD measurements of the AlN film. A (0 0 2) AlN rocking curve with a full-width at half-maximum (FWHM) of 4.1°c an be observed, which suggests that the AlN films show a preferred C-axis orientation. The FWHM of the prepared AlN film in the metal substrate is bigger than that of the AlN films on silicon or sapphire substrate [4] , but it is enough to prepare a SAW device with good performance [5, 6] . Although the metal substrates were polished before sputtering, the surface of the substrate was still rough. However, we can see that the AlN films grow well on the rough alloy substrate as shown in Fig. 1 . At the same time, we find the AlN films attached tightly on the alloy substrate. Even at high temperature, no peeling off of AlN films was observed. The good quality of the AlN films deposited on the metal substrate was attributed to the two-step growth method. During the first step, because the AlN film was deposited at high temperature, the depositing particles have high mobility to move at the metal substrate surface so as to form a smooth surface. At the same time, the high substrate temperature provides energy to form the aligned AlN crystal that can be used as a seed layer in the subsequent depositing. During the second depositing step, AlN films were deposited onto the top of this seed layer, which results in the preferred C-axis orientation as shown in Fig. 1b . Fig. 2 is the photograph of the prepared one-port SAW resonator fabricated on AlN/TC4. The measured characteristics of the SAW resonator are shown in Fig. 3a. A simulation was also carried out with COMSOL multi-physics, which is similar to that in [7] , and the simulation results are given in Fig. 3b. From Fig. 3a, we can Fig. 3b , the resonance frequency is about 127.81 MHz. We can see that the simulated resonance frequency agrees well with the experimental results. The small difference between the simulation and experiments is attributed to the simplified model and ideal simulation material parameters. From the experiment results, the acoustic wave velocity of the device can be calculated using the formula v = λ × f r , where λ is the period of the IDTs and f r is the resonance frequency. We can obtain an acoustic wave velocity of 3107 m/s, which is slower than that in AlN film (5000-10 000 m/s), but it is close to the SAW velocity in Ti alloy [8] . These results suggest that the SAW is excited by the AlN film and propagates in the TC4 alloy substrate. It can be interpreted that the thickness of the AlN film was far smaller than the wavelength of the SAW. The effective electromechanical coupling coefficients (k 2 ) of the device is calculated by the equation
where G m ( f r ) and B s ( f r ) are the conductance and susceptance at the resonant frequency, respectively. k 2 is 0.28% for the Rayleigh mode of this device. The Q factor of the resonator is calculated by the equation [9] 
where w is the angular frequency, w is the phase and T is the group delay. The Q factor is 913, which is smaller than that of a SAW resonator on an AlN/semiconductor structure [10] . From Fig. 3a , we can see that the amplitude of S 11 at the resonant frequency is small, which also shows that the Q factor of this device is small. The small Q factor of this SAW resonator may be due to the following reasons: (i) as the TC4 alloy substrate is a conductor of electricity, a large amount of the acousticelectric energy radiates into the bulk of the substrate [11] ; (ii) owing to the mismatch of the acoustic impedance between the AlN film and TC4 substrate, strong acoustic reflection occurs at the interface between the film and the substrate, causing a strong perturbation in SAW propagation [12] . Furthermore, because of the strong perturbation, the resonance frequency could hardly be increased by simply diminishing the acoustic wavelength as for the conventional SAW resonator.
Conclusion:
AlN film with C-axis orientation was deposited on TC4 alloy substrate by a two-step growth method. An AlN film SAW resonator was well integrated with the metal substrate of TC4 alloy. The results show that the resonance frequency of the prepared AlN film SAW resonator is ∼129 MHz, which agrees well with the simulation results. As a result, the prepared SAW resonator can be used as a low-profile and high-performance strain sensor in metal structure health monitoring.
